Composite materials have interesting properties such as high strength-to-weight ratio and relatively high damping characteristics compared to metals which make them very attractive for rotating systems. They also provide designers with the possibility of obtaining predetermined behaviors in terms of position of critical speed by changing the arrangement of the different composite layers orientation and number of plies. The composite rotating shafts used will be fabricated using hand layout technique by filament winding technique. Glass fiber (E-Glass) as reinforced with a matrix of polyester resin and hardener will be used to construct the composite layers needed. Five cases will be studied using composite shafts wounded by different layers of composite materials namely; different stacking sequence, fiber orientation angles, (L/D) ratio, boundary condition and finally various types of fiber volume fraction. In the theoretical part, the validity of the proposed theoretical model for evaluating the dynamic response of composite shafts will be examined utilizing the equivalent modulus beam theory (EMBT). In the experimental part, the frequency of composite shaft specimens will be measured by self-excitation and so critical speed of the rotating shaft will be determined by using the (TM1 MKII Whirling) machine apparatus. The numerical finite element technique is utilized to compute the eigen pairs of laminated composite shafts. A finite element model FEM has been developed to formulate the stiffness matrices using lamination theory. These matrices take into account the effects of axial, flexural and shear deformation on the eigen-nature of rotating composite shaft. Eigen natures of composite shafts were estimated through modal testing and are compared with (EMBT) results. The comparison between the numerical and experimental results proves that the suggested finite element models of the composite shaft provide an efficient accurate tool for the dynamic analysis of rotating composite shaft.
Introduction
Composite materials are widely used as alternatives for conventional materials because of their desirable and tailorable properties that could not be achieved by either of the constituent material acting alone. Their superior strength-to-weight ratio, greater specific stiffness, and properties such as good wear resistance, long fatigue life, durability, thermal, electrical, and acoustical insulation, etc., have made them attractive alternatives for conventional materials in a wide variety of products. The most common example of a composite material is reinforcing fibers embedded in a matrix. Fiber orientation in each layer as well as the stacking sequence of various layers can be controlled to generate a wide range of physical and mechanical properties for the composite laminate. The fibers form the principal load carrying members, while the surrounding matrix acts as a load transfer medium between the fibers. The surrounding matrix also keeps the fibers in desired location and orientation and also protects them from environmental damages due to temperature and humidity.
Rotating flexible shafts are important machine elements, commonly used in many mechanical systems. These include reciprocating and centrifugal compressors, and lathe, grinding and milling machines which employ rotating elements as cutting tools. The rotating shaft may also be used as a means of power transmission in industrial machines such as gas turbines, turbo generators, aircraft engines, automobiles, medical equipment, household accessories and internal combustion engines [1] . In each case, the vibration control and stability of the rotating shaft are essential for the success of the machine operation, the precision of the cutting tools or the high efficiency of energy transmission in engines. The stability of rotating shafts under both conservative and non-conservative forces has been treated by Bolotin [2] .
Rotating shafts are used for power transmission in many modern machines. Accurate prediction of dynamics of rotating shafts is necessary for a successful design. Free vibrations analysis is one of the important steps in rotor-dynamics. Grybos [3] considered the effect of shear deformation and rotary inertia of a rotor on its critical speeds. Choi et al. [4] presented the consistent derivation of a set of governing differential equations describing the flexural and the torsional vibrations of a rotating shaft where a constant compressive axial load was acted on it. Jei and Leh [5] investigated the whirl speeds and mode shapes of a uniform asymmetrical Rayleigh shaft with asymmetrical rigid disks and isotropic bearings. Free damped flexural vibrations analysis of composite cylindrical tubes was carried out by Singh and Gupta [6] , where they used beam and shell theories. Sturla and Argento [7] studied the free and forced response of a viscoelastic spinning Rayleigh shaft. Melanson and Zu [8] studied the free vibrations and stability of internally damped rotating shafts with general boundary conditions. Kim et al. [9] studied the free vibrations of a rotating tapered composite Timoshenko shaft. Hosseini et al. [10] studied the free vibrations of an in-extensional simply supported rotating shaft with nonlinear curvature and inertia are considered. Rotary inertia and gyroscopic effects are included, but shear deformation is neglected.
Accurate prediction of damping characteristics of rotor systems is therefore fundamental in the design of rotating machines as it provides estimations on safe-ranges of speeds of rotation. Over the last few years, many studies have focused on predicting critical speeds, natural frequencies, unbalance responses and, in particular, instability thresholds. Newkirk [11] observed that rotor-disk systems would undergo violent whirling at the first natural frequency at speeds above the first critical speed. Kimball [12] showed that internal damping destabilizes the whirling motion if the rotation speed of the rotor exceeds the first critical speed. In addition, Bucciarelli [13] showed that the instability criterion based on the ratio of energy dissipated between internal and external damping is inaccurate and that internal forces can produce instability by coupling spin and whirl motions.
Classical results have been obtained and showed that rotor stability is improved by increasing external damping, whereas, increasing internal damping may reduce the instability threshold. However, most of the published studies deal with metal rotating structures and remain exclusively numerical without precise estimations of internal damping. Several finite element formulations have been performed for the analysis of composite shafts. These formulations are based on homogenized beam and shell theories. The equivalent modulus beam theory (EMBT), which is widely used for the dynamic analysis of composite shafts, was firstly introduced by Tsai [14] .
Rastogi [15] used a hybrid of carbon/epoxy and glass/epoxy to optimize the cost versus performance requirements. He analyzed and designed a composite drive shaft using two approaches. The first approach is closed-form analytical expressions for the critical speed, torsional strength and buckling strength, which was utilized to develop a preliminary design tool. The effect of fiber orientation angle on the fatigue strength of composite tubes was discussed by many researchers [16] [17] [18] but, on the other hand, the effect of stacking sequence on the torsional fatigue strength is not available. Bert and Kim [19] carried out an analytical solution to compute torsional buckling of composite drive shafts. They calculated the torsional buckling load of composite drive shafts with various lay-ups with good accuracy by considering the effect of off-axis stiffness and flexural moment. Their theory can predict the torsional buckling of composite drive shafts under pure torsion and combined torsion and bending. Chen and Peng [20] performed numerical simulation using a finite element method to study the stability of composite shafts under combined loading conditions. They predicted the critical axial load of a thin walled composite drive shaft under rotation. Badie et al. [21] studied the effect of fiber orientation angles and stacking sequence on the torsional stiffness, natural frequency, buckling strength, fatigue life and failure modes of composite tubes. Finite element analysis (FEA) has been used to predict the fatigue life of composite drive shaft (CDS) using linear dynamic analysis for different stacking sequences.
From previous review we can note that many papers introduced FEM to describe composite model studying a single fixation such as simply supported, while a group of papers was interested to study a limit number of lamina orientation. Other authors applied equivalent modulus beam theory (EMBT). The theory is generalized to include bending-twisting, shearnormal and bending-stretching coupling effects. To account for the locations of different plies and their stacking sequence, longitudinal and inplane shear moduli are taken in the ply level. A Bresse-Timoshenko beam with transverse shear deformation, rotary inertia and gyroscopic effects included is considered from many authors to describe and formulate the stiffness and inertia effects of composite shaft system.
The main objectives of the present paper are studying the effect of staking sequences and coupling mechanisms on the dynamic analysis (frequency, damping factor and mode shape) of composite shaft.
In the theoretical part, the validity of the proposed theoretical model for evaluating the dynamic response of composite shafts will be examined utilizing the finite element technique.
In the experimental part, the frequency of composite shaft specimens will be measured by self-excitation and so critical speed of the rotating shaft will be determined by using the (TM1 MKII Whirling) machine apparatus.
The effects of stacking sequences and anisotropic parameters on eigen-nature have been analyzed. This can be useful for designing the composite shafts for different requirements. Half-power bandwidth method used for measure damping nature has been demonstrated for estimating the damping nature at any speed which can be quite a valuable tool for estimating the damping at different speeds, it can be concluded that inclusion of layer along the transverse direction into fiber/polyester material is a good option for manufacturing stiffer shafts.
The comparison between the numerical and experimental results proves that the suggested finite element models of the composite shaft provide an efficient accurate tool for the dynamic analysis of rotating composite shaft.
Materials and Production of Laminates Composite Shaft
Glass fiber is used as reinforcement in the form of bidirectional fabric (Standard E-Glass Fiberglass) and polyester with catalyst addition as matrix for the composite material. The mechanical properties of the composite are calculated analytically using the mixture rule [22] . Through hand lay-up process followed by a cure process, five sets of symmetrical laminates with a total of five layers each one are produced: A typical specimen made from fiber reinforced plastic FRP composite shafts formed from five plies with 1mm thickness for each ply is shown in Fig. 1 . Three composite levels were selected for each code number. These are specimens with low fiber volume fraction V f = 25% and two levels of average fiber volume fraction V f = 45 % and 65%. The fiber volume fraction in the specimens is determined experimentally, using the firing processes method [23] In order to study the effect of lamina orientation and staking sequence on the modal parameters, five code numbers of the specimens were fabricated and stated for each fiber volume fraction. 
Theoretical Investigation
The present theoretical study is used to compute the mechanical properties of laminated composite shaft using mixture rule shown in Fig. 2 . The laminate extensional, coupling and bending stiffness matrices of composite symmetric laminated composite shaft with different predetermined lamina orientations are computed on the basis of the classical lamination theory [24] . The material properties of each ply are summarized in Table 1 
Finite Element Formulation
The rotor model is based on the finite element approach. The distributed properties of shafting sections are modeled by the theory of Timoshinko beam (circular) element that accounts for rotary inertia, gyroscopic moments, internal damping and shear deformation. The cylindrical composite shaft shown in Fig. 3 is assumed to be built up by a number of lamina perfectly bonded together. There are no relative displacements between adjacent layers. The finite element used has eight nodes as shown in Fig. 3 . For each node, the element has four degrees of freedom: two displacements v and w, and two slopes about the y and z axes denoted, respectively α and β. In this case, the shaft axis is x. Referring to Fig. 3 , the displacement field at a point in the element can be expressed in global coordinates as
where The reader is referred to [26] for details of these matrices. The Eigen-frequency can be then evaluated from the solution of the characteristic equation for composite shaft given by:
In view of Eqn. (2), the program has been coded into computer using Matlab (7.1). The program computes the mass matrices and stiffness matrices of any orientation and fixation of the composite shaft. It computes the Eigen-values and Eigen-vectors. The Eigen-values are obtained by computing the roots of the characteristic polynomial of any real square matrix in an iterative manner with an accuracy of 10 -6 for four fixations namely; C-C, C-S, S-S and C-F, where: C = clamped, S = simply-support and F = free.
Modified Equivalent Modulus Beam Theory
A Bresse-Timoshenko beam with transverse shear deformation, rotary inertia and gyroscopic effects included is considered. The theory is generalized to include bending-twisting, shearnormal and bending-stretching coupling effects. To account for the locations of different plies and their stacking sequence, longitudinal and in-plane shear moduli are taken in the ply level.
Formulation
Consider shaft as shown in Fig. 3 . The displacement field is described by the transverse displacements, w and v measured in the z and y directions, the bending slopes α and β in the x-z and x-y planes and ϕ is the shaft twist angle. The quantities w, v, α, β and ϕ are assumed to be time dependent and are expressed as
where Ω is the whirl frequency 
where k B is the bending stiffness coefficient which can be given [27] by
The torsional stiffness coefficient k T [27] is
and the shear stiffness coefficient k S is given by
where ̀ is the shear correction factor, Kyi and Kzi are the stiffness coefficient for bearing in y and z direction respectively.
In Eqs. (5) and (6), , ̅ and ̅ are the outer radii, longitudinal and shear stiffness coefficients of the k th ply, respectively.
The total kinetic energy is the sum of the kinetic energies the shaft and the discs mounted on it. This can be expressed [26] as
Here ρ is the mass density of the shaft material, A, I and Ip are area, lateral and polar area moments of inertia of the shaft cross-section. M Di , I DTi and I DPi are mass, lateral and polar mass moments of inertia of the i th disc, respectively. The rotational angular speed of the shaft is ω. The first, second, third and fourth set of terms within the integral sign give the effect of translatory, rotary and torsional inertia, and gyroscopic moment of the shaft. The four terms within the summation sign give the same effects for the discs mounted on the shaft. Table 2 Bearing stiffness data
Solution equations
The series solution functions are assumed for w, v, α, β and ϕ in the form
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Here n is the total number of terms in the series solutions. The above functions satisfy geometric boundary conditions at x = 0 and x = l: The Lagrangian L = U -T is set up from strain and kinetic energies and made stationary with respect to the solution coefficients, i.e. , , ,
The time dependence cancels out in all the terms and a set of 5n simultaneous algebraic equations in the form of a quadratic eigenvalue problem is obtained as
Here the matrix [C] involves the contribution due to the gyroscopic effect and is dependent on rotational speed. The eigenvector {X} is given by
Improvement to Include Different Coupling Mechanisms
Several refinements have been made to account for different coupling mechanisms effects, namely, Poisson's effect, shear-normal and bending-twisting coupling effects. Generally, the strain energy in the shaft is given by
The summation is taken over all the plies contained in the laminate, and
Here σ xx and σ θθ are inplane normal and hoop stresses and τ xθ is the inplane shear stress, ε xx and ε θθ are the inplane normal and hoop strains and ε xθ is the inplane shear strain in x and y coordinates as shown in Fig. 3b. [ ̅ ] is the transformed stiffness matrix of the k th ply.
Improvement to Include Poisson's Coupling Effect
In a thin single ply, shear effect is negligible and bending-stretching and shear-normal coupling effects are not present. However, in calculating strain energy, ε θ is taken to be zero, which implies some effective stress occurs in θ-direction. But in the actual case no such stress acts. Thus, imposition of the condition of no cross-section deformation results in no strain condition in the circumferential direction and this gives higher frequency values. The circumferential stress in each ply is assumed to be zero, thus from Eq. 
where
Thus the value of ̅ is updated to account for Poisson's effect according to Eq. (16).
Improvement to Include Shear-Normal Coupling Effect
In conventional filament winding procedure the fibers at winding angles ±θ are interwoven in the same ply; similarly for configurations in which corresponding to +θ orientation ply above the mid-plane, there is an identical ply (material and thickness) of -θ orientation below the mid-plane as shown in Fig. 2 ; the shear-normal coupling effect is eliminated. However, if the shaft is made from laminates to provide a single winding angle, then shear-normal coupling (due to the terms ̅ and ̅
) will be present. Generally, coupling exists between normal stress (σ xx ) with shear strain (ε xθ ) and shear stress (τ xθ ) with normal strain (ε xx ). From the classical laminate theory, the forces on the laminate are related with strain as follows The longitudinal and shear moduli can be given by
Similarly, applying N xθ and keeping N xx = N θθ = 0; one obtains
where , for single ply k, ̅ ̅ ( ̅ ) .
Taking a configuration of single ply, then Eqs. (19) and (20) become
and
To account for shear-normal coupling effect, the value of ̅ in Eq. (14) and the value of G xθ in calculating ks are replaced by E xx and G xθ obtained in Eqs. (19) and (20), respectively. For symmetric balanced laminate or orthotropic plies, the terms ̅ and ̅ vanish and Eqs. (19) and (20) can be re-written as
Similarly G xθ reduces to (24) For single ply, Eqs. (22) and (24) become
And ̅
Eqs. (22) and (24) (23) and (26).
Improvement to Include Bending-Twisting Coupling Effect
In configurations at which +θ orientations are above the mid-plane there is an identical lamina (in the thickness and material) of -θ orientation at the same distance below the mid-plane (as shown in Fig. 2) , the bending-twisting coupling represented by the terms D 16 and D 26 (in the bending stiffness matrix [D] ) for the laminate is zero. For symmetric laminate the terms D 16 and D 26 cannot be zero unless θ = 0 o or 90 o . The bending-twisting stiffness coefficient [27] is given by
The expression for strain energy is modified as
Experimental Investigation
In the present experimental part the measurements of laminated composite shaft for various five lamina orientations, three different fiber volume fraction ratio, various (L/D) ratios and four boundary fixations are constructed and manufactured using winding layup method. The boundary conditions of a rotating composite shaft were achieved using a combination of various bush width and a rate level of bearing clearance to obtain a proper boundary fixation state.
The dynamic analysis in the experimental results in qualitative and quantitative manner is presented to investigate their dynamic eigen-parameters including natural frequencies and damping factors. Figure 4 shows the rotating composite shaft manufacture at various types of lamina orientations angles. The preparation and manufacturing of specimens are achieved by following the standard procedures [29] . Five layers of (1mm) thickness were wind by the required angle and spread on a wood Die at various orientation fibers. A layer of resin is spread on a wood Die treated by release agent (Wax or medical Vaseline). The wood Die (1000 long × 20 mm diameters) is then placed on the glass fiber and assembly together by copper wire and to close gab by cement. The press die was removed after 24 hours and the laminate has been completely cured at room temperature. The laminate composite shafts are cut to the required length (800mm long) using mechanical fine sawing machines. 
Composite Shaft Specimen Preparations

Experimental Modal of Vibration Damping of Composite Shaft FRP
The frequency response tests were performed on composite shaft made from fiber reinforced plastic (FRP) by utilizing fast Fourier transform dual channel analyzer in conjunction with the computer as shown in Fig.5 .The corresponding fundamental frequency and damping factor for various lamina orientation and different boundary conditions are measured and recorded using (FFT) analyzer in the range of (800:1600 Hz).The comparison between theoretical analysis using (EMBT) and Experimental measurements were performed and listed of Tables 4. The peak response frequencies were identified from the peaks in the frequency spectra FRS.
In addition, the system damping ratio ξ was evaluated from the quality factor Q from ω 1 and ω 2 corresponding to half-power bandwidth method (29) as: [30] (29)
Eigen Parameter Measurements
The equation of motion of a damped multi degree of freedom system in matrix form:
By expressing the solution of {X} as a linear combination of the natural modes of the system as: (31) For the applied harmonic force of at the rotating composite shaft.
By substituting Eqn. (31) into Eqn. (30), we obtain
The eigen value problem of proportional damped system can be resolved to two stander eigen value problem [31] and the form. Table 4 where: ξ i and ω i are the damping ratio and natural frequency of i th mode respectively and u is the eigen values of inertia damping matrix, u = 2ξω. To study the effect of fiber orientation on the dynamic behavior of laminate composite shaft. The specimen location in the TM1 whirling of shafts apparatus and the boundary conditions can be achieved using suitable bearing then the ratio of clearance and bush bearing width adjustable.
Results and Discussion
Effect of Stacking Sequences, (L/D) Ratios, Boundary Conditions and Fiber
Volume Fraction on Eigen Frequency. In view of lamina orientations, the rate of change of the frequency via fiber volume fraction are relatively high compared with the rate of change due lamina orientations as shown in Table 3 . From From Table 3 (a), (b) and (c) it can be noted that, the fiber volume fraction has a limited effect on frequency and damping factor value because the effect of lamina orientations has a dominant influence. Figure 8 shows the validation of formulation and programming, the results obtained from modified EMBT. In order to have a basis for comparison between different coupling mechanism effects. Results presented in 
Effect of Including Different Coupling Mechanism on Natural Frequency
Dynamic Response of Rotating Composite Shaft
Programming codes based Matlab program, version (7.1) are implemented to analyze the dynamic response of the rotating composite shaft under a harmonic load on the bases on the proposed theoretical investigations. The analysis are performed for composite shaft of three types of (L/D) ratio (20, 30 and 40), fiber volume fraction (65%), (S-S) boundary fixation and various types of lamina fiber orientations.
Figures 9 represent the frequency response of the composite shaft at the clamped-clamped boundary fixation of the specimen with various types of fiber volume fraction and various lamina fiber orientation angles. The results indicate that there is apparently a correlation between the theoretical and experimental results, Table 5 , shows the damping factors, natural frequency for the first and second mode for three types of fiber volume fraction and various lamina orientations and the coefficients γ and λ.
The composite shaft is discretized into three interconnected elements using FEM. From Ply Angle "Degrees" Fig. 9 Results of the theoretical model for the frequency response of the rotating composite shaft at (S-S) boundary fixation and fiber volume fraction 65%.
Conclusions
From the numerical and experimental results one can conclude:
The dynamic analysis of laminated composite shaft with different stacking sequences, five cases will be studied using composite shafts wounded by different layers of composite materials namely; different stacking sequence, fiber orientation angles, (L/D) ratio, boundary condition and finally various types of fiber volume fraction.
i. The present comparison between the numerical and experimental results proves that the suggested finite element models of the composite structural shaft, bearing and disc with current fixations state provide an efficient tool for compute the dynamic analysis with proper accuracy. ii. Dynamic response gives proper information about resonance avoidance for certain operation conditions particularly composite shaft. In the other hand frequency response of composite shaft provides proper indication about vibration state and the location of nodes and modes at each position. These important parameters from designers point of view. iii. It can be concluded that inclusion of layer along the transverse direction into fiber/polyester material is a good option for manufacturing stiffer shafts. iv. Different coupling mechanisms, as obtained from (EMBT) theory, were found to reduce shaft natural frequencies. The percentage reduction depends on coupling mechanisms available in different ply angles. For Poisson's effect the maximum reduction in the shaft natural frequency is found to be at about 45 o ply angle, however for shear-normal and bending-twisting coupling, the maximum reduction is found to be at about 30 o ply angle.
